A practical method for determining the broadband microwave complex permittivity of particulate materials is described. In this method, particulate materials are dispersed randomly in paraffin wax; thin disc samples are prepared for measurement from the particle-wax mixtures. During measurements, the samples are backed by a conducting plane, and an open-ended coaxial probe is used to determine the permittivity of the samples. A mixture equation is used to calculate the permittivity of the particulate materials from the permittivity of the samples. The validity of six well known mixture equations is examined. The experimental results indicate that only the QCA-CP and Bruggeman mixture equations can accurately describe the microwave permittivity of the particle-wax mixtures over the wide particle concentration range. To validate this described method, the complex permittivities of PbTiO 3 and Pb(Zr 0.53 Ti 0.47 )O 3 particles are determined over a frequency range of 0.2 to 6 GHz. The determined results are found to be in agreement with the coaxial transmission/reflection measurement results. The advantages and limitations of this method are also discussed in this paper.
Introduction
One way to determine the broadband microwave permittivity of particulate materials is to measure the effective permittivity of particulate material-insulating medium mixtures and then to calculate the permittivity of particulate materials from the measured effective permittivity [1, 2] . The effective permittivity of particulate material-insulating medium mixtures is usually measured by the coaxial and rectangular waveguide transmission/reflection (T/R) methods, and the calculation of the permittivity of particulate materials is based on various mixture equations. The coaxial T/R method has the advantage of broadband measurement capability and relative ease of measurement procedure, but coaxial samples are difficult to prepare, and a bad contact between the sample and the inner and outer conductors may result in up to a 40% measurement error for high-permittivity materials [3] [4] [5] . The attractiveness of the waveguide T/R method has been in high measurement sensitivity and simple sample preparation, but its measurement-frequency range depends on the size of the waveguide sample holder and is narrower than that of the coaxial T/R method. Numerous different mixture equations have been proposed to describe the effective permittivity of heterogeneous mixtures, even in the case of dielectric particleinsulating medium mixtures [6] [7] [8] [9] [10] [11] [12] [13] . For very low particle concentration, all of these mixture equations give nearly the same results in frequent agreement with experiments. When concentrations are higher than a few per cent, these mixture equations generally give different results [2, 14] .
In [15] , Stuart O Nelson and Philip G Bartley proposed another different method for determining the microwave complex permittivity of particulate materials over a wide frequency range. In that method, the particulate material samples were put in a sample cup and then a coaxial probe was inserted into the sample cup to measure the reflection coefficient at the probe/sample interface. The effective permittivity of the particle-air mixture was determined from the measured reflection coefficient, and the permittivity of particulate materials was calculated from the effective permittivity of the particle-air mixture using mixture equations. This method has the advantage of broadband measurement capability and simple sample preparation. However, due to the insertion of the probe, the particulate materials in the sample cup can be a heterogeneous medium; the local density of the sample at the tip of the probe can be very different from the average bulk density of the sample. Besides, the theoretical model in that method assumed the sample was semi-infinitely thick, so the sample thickness should allow the electric field at the far end of the sample to be at least two orders of magnitude smaller than that at the probe/sample interface. This paper will describe a new method for determining the broadband microwave permittivity of particulate materials. In this method, particulate materials are dispersed randomly in paraffin wax; thin disc samples are prepared for measurement from the particle-wax mixtures. For measurements, the samples are backed by a conducting plane; an open-ended coaxial probe is used to determine the permittivity of the samples. A mixture equation is used to calculate the permittivity of the particulate materials from the permittivity of the samples. In this paper, both the measurement system and the calculation of permittivity will be described in detail. Based on experimental measurements, the validity of several well known mixture equations will be examined. The microwave permittivity of some dielectric particles will be determined by the described method; the results will be compared to those determined by the coaxial T/R method. The advantages and limitations of this method will also be discussed.
Experiment

Sample preparation
Measurement samples were prepared as follows: (1) PbTiO 3 and Pb(Zr 0.53 Ti 0.47 )O 3 particles were prepared by a conventional ceramic process; the diameters of PbTiO 3 particles (sintered at 1150
• C for 2 h) were about 5-10 µm, and those of Pb(Zr 0.53 Ti 0.47 )O 3 particles (sintered at 1260
• C for 2 h) were about 40-70 µm; (2) the particles were randomly dispersed in a commercially available paraffin wax; (3) the particle-wax mixtures were die-pressed to form disc samples, 22 mm in diameter and 2-6 mm thick.
The volume fraction f of the particles in the samples (or mixtures) was calculated using the following equation:
where ρ i and ρ m are the densities of particles and wax, respectively, and ρ eff is the effective density of the particlewax mixtures. , respectively, and that of wax was 0.78 g cm −3 . The effective density of the mixtures was determined from sample weight and volume.
The particle-wax mixtures were also die-pressed to form cylindrical toroidal samples for coaxial T/R measurements. The samples were 3.04 mm in inner diameter, 7 mm in outer diameter and 2-4 mm thick. 
Measurement system
The measurement setup is shown in figure 1 . The probe used in the measurements is an open-ended, flanged, coaxial waveguide. The diameter of the inner conductor, 2a, is 0.66 mm, the inner diameter of the outer conductor, 2b, is 3.0 mm and the diameter of the flange is 19.0 mm. The permittivity of the dielectric in the probe is ε c = 5.4 − j0.0108. The probe is rigidly mounted in a probe clamp to minimize measurement errors that can be introduced through cable movement between calibration and measurement.
The measurement sample, backed by a copper plate, rests on a movable sample support just below the probe. A load screw and a spring are employed to insure that the probe maintains complete and stable contact with the sample and to avoid errors caused by any appreciable air gaps.
An HP8753E vector network analyser, which was connected to the probe via a coaxial cable, was used to measure the reflection coefficient from the probe/sample interface. In system calibration, air, a gold-plated short and 25
• C deionized water are used as calibration standards; the calibration calculations were based on the equations described in [16] . The analyser was turned on and allowed to stabilize for 1 h prior to use to reduce any effects from internal thermal drift. The permittivity of air was measured at the start of the measurement sequence and again at the end of the measurement sequence to insure the calibration remained stable.
Calculation of permittivity
Our calculation included (1) the calculation of the effective permittivity of the mixture (or the sample) from the measured reflection coefficient using the reflection coefficient equation and (2) the calculation of the permittivity of the particles from the effective permittivity of the mixture using the mixture equation.
Based on electromagnetic field theory, the reflection coefficient at the probe/sample interface can be derived as [16] 1
where k = jω √ µ 0 ε 0 /ε c / ln(b/a), ε eff is the effective permittivity of the mixture, and
d is the thickness of the sample, c = ω 2 µ 0 ε 0 and J 0 is the Bessel function of the first kind of order zero.
Equation (2) was used to calculate the effective permittivity ε eff from the measured reflection coefficient . In order to speed up the calculation, equation (3) was rewritten as [24] 
where
and the self-reacting trapezium integral algorithm was used to calculate I (ε eff ) [17] . There are numerous different mixture equations that are used to model heterogeneous mixtures, and the earliest of the mixture equations date from the 19th century, but for dielectric particle-insulating medium mixtures and microwave frequencies, only a few mixture equations are in common use. The validity of six well known mixture equations was examined. The best one among these six equations was used to calculate the permittivity of the particles from the effective permittivity of the mixture.
Three empirical mixture equations were selected. One is the Lichtenecker equation [18] :
where ε i is the permittivity of the particles, and ε m is the permittivity of the insulating medium. The second mixture equation is the logarithmic equation [1, 2, 14] :
Both of these equations were established by Lichtenecker. The third one is the Landau and Lifshitz, Looyenga mixture equation [15, 19, 20] :
Furthermore, three well known structure-dependent mixture equations, which were derived by paying attention to the microscopic structure of the mixture, were examined. The first one is the Maxwell-Garnett mixture equation [9, 21] :
This is the oldest mixture equation with theoretical justification and is also called the Rayleigh mixture equation. The next structure-dependent equation is the Bruggeman mixture equation [2, 14] :
This is based on the effective medium theory (EMT). The last is the QCA-CP (quasi-crystalline approximation with coherent potential) mixture equation [7, 22] :
This equation is also known as the GKM approximation after Gyorffy, Korringa and Mills.
Results and discussion
First, we discuss the validity of the above-mentioned mixture equations in describing the particle-medium mixtures. Table 1 gives the effective permittivities of Pb(Zr 0.53 Ti 0.47 )O 3 particlewax mixture A1, A2, A3 and A4 at 1.988 GHz, which were measured by using the coaxial T/R method. During the coaxial T/R measurements, a gold-plated coaxial air line with a precision 7 mm connector interface was used to hold the samples; the permittivities of the samples were calculated from the measured T/R coefficients [23] . figure 2 . We expect, from different particle concentration mixtures, that an exact mixture equation should give the same complex permittivity for the particles. As shown in figure 2 , the permittivities calculated by using the QCA-CP equation from four different particle concentration mixtures are almost identical, and those calculated by using the Bruggeman equation are also nearly independent of volume fraction. However, both the real and imaginary parts of permittivity ε i calculated by the Lichtenecker equation are dependent on the volume fraction, the real part of the permittivity ε i calculated by the Looyenga equation decreases with increasing volume fraction and both parts of the permittivity ε i and ε i calculated by the logarithmic equation exhibit a strong dependence upon volume fraction. The value of ε i obtained by using the Maxwell-Garnett equation was negative, so the ε i and ε i obtained are not included in figure 2 . Thus, the QCA-CP and Bruggeman equations accurately described the microwave permittivity of the particle-wax mixtures over the wide particle concentration range. Moreover, figure 2 Figure 3 . Effective complex permittivities of two PbTiO 3 particle-wax mixtures. One was measured by using the coaxial probe; another was measured by using the coaxial T/R method. theory in describing the microwave permittivity of the particlewax mixtures. For this reason, the QCA-CP equation was used to determine the permittivity of particles in the following section. To validate our method, the complex permittivities of PbTiO 3 and Pb(Zr 0.53 Ti 0.47 )O 3 particles were determined with the coaxial probe over a frequency range of 0.2 to 6 GHz, and the results were compared with the coaxial T/R measurement results. Figure 3 shows the effective permittivity of a PbTiO 3 particle-wax mixture. The volume fraction of the PbTiO 3 particles in the sample was 66.39%; the thickness of the sample was 5.87 mm. The coaxial T/R measurement results were with a volume fraction of 68.28%. As shown in figure 3 , the probe measurement results are close to the coaxial T/R measurement results over the entire measurement frequency range. Figure 4 shows the permittivity of PbTiO 3 particles calculated from the measurement data in figure 3 . The permittivity determined using our method agrees with that determined using the coaxial T/R method. Figure 5 gives the effective permittivity of a Pb(Zr 0.53 Ti 0.47 )O 3 particle-wax mixture measured by our probe method. The effective permittivity of a Pb(Zr 0.53 Ti 0.47 )O 3 particlewax mixture measured by the coaxial T/R method is also given. In the probe measurement, the volume fraction of the particles in the sample was 54.97%, and the sample thickness of the coaxial T/R measurement sample in figure 5 . Figure 6 gives the permittivity of Pb(Zr 0.53 Ti 0.47 )O 3 particles calculated from the probe measurement result. The permittivity of Pb(Zr 0.53 Ti 0.47 )O 3 particles calculated from the coaxial T/R measurement is also given for comparison. In figure 6 , the permittivity determined by our method is found to be in agreement with that determined by the coaxial T/R method. However, the permittivity determined by our method sometimes exhibits anomalies. Figure 7 shows the permittivities of PbTiO 3 particles determined from two different samples B1 and B2, using our method. The volume fractions of the particles in sample B1 and B2 were 66.39% and 54.22%, respectively. The thicknesses of samples B1 and B2 were 5.87 mm and 2.82 mm, respectively. In figure 7 , we see general agreement, but the permittivity obtained from sample B1 exhibits an anomaly around 5.29 GHz, while the permittivity obtained from sample B2 exhibits two anomalies around 0.572 and 4.70 GHz, respectively. This result indicates that this irregularity is a sample-related artefact rather than an intrinsic dielectric dispersion. In figure 4 , no dispersion is observed in the coaxial T/R measurement results. This also indicates that the anomaly in figure 7 is not an intrinsic dispersion. Figure 7 also suggests that we can easily distinguish intrinsic dispersions from sample-related anomalies by measuring different samples. Besides, these anomalies can also be easily ascertained by the coaxial T/R method.
In figures 4 and 6, the differences between the results determined by our method and those determined by the coaxial T/R method may result from inaccurate volume fraction determination or bad contact between the coaxial T/R sample and the inner and outer conductors of the sample holder.
Conclusions
A practical method for determining the broadband microwave complex permittivity of particulate materials has been presented in this paper. The validity of six well known mixture equations has been examined; the experimental results indicate that only the QCA-CP and Bruggeman mixture equations accurately describe the microwave permittivity of the particlewax mixtures over the wide particle concentration range. The determined results are in agreement with the measurements by the coaxial T/R method.
This new method can be used to characterize the dielectric properties of various particulate materials at microwave frequencies. Moreover, it is best suited for some scientific applications, where only small quantities of particulate materials are available. Compared to the coaxial T/R method, this method has the advantages of simple sample preparation and good contact between the sample and the coaxial probe. In comparison with the probe method proposed by Nelson and Bartley, the advantages of this method include the following: (1) the mixture sample sensed by the probe is a more nearly homogeneous medium; (2) the volume fraction of the particles in the sample can be easily determined. This method does have limitations. The permittivity determined by this method sometimes exhibits anomalies, but they can be easily ascertained by measuring different samples.
